The present study describes the quantitative retention -(anticancer) activity relationship analysis of a series of 17-picolyl and 17-picolinylidene androstane derivatives based on the chromatographic data obtained by reversed-phase high performance liquid chromatography (C18-RP-HPLC) in a mobile
INTRODUCTION
Lipophilicity is a molecular parameter widely used in estimation of biological and environmental behavior of many substances (1-3). There are several experimental methods for its approximation, such as shake-flask method with water-octanol partition system, potentiometric titration, etc. or computational approaches. One of the experimental approaches for lipophilicity determination is chromatography, usually on reversed phases (RP) (4) . There are many studies which deal with the chromatographic determination of lipophilicity, mostly by high performance liquid chromatography (HPLC) and thin layer chromatography (TLC) (5) (6) (7) . The chromatographic lipophilicity is usually expressed as the R M 0 parameter (TLC) or logk 0 (HPLC). These parameters refer to the retention of a compound in pure water (0% of the modifier in the mobile phase). However, the chromatographic lipophilicity (R M or logk) can be determined in different stable chromatographic conditions with mobile phases which are a combination of certain volume fractions of water and a modifier (usually methanol or acetonitrile).
A series of eighteen 17α-picolyl and 17(E)-picolinyliden androstane derivatives showed significant antiproliferative activity toward androgen-receptor negative prostate cancer cell line (AR-neg. PC-3) and was analyzed applying the quantitative structure-activity relationship (QSAR) approach (8) . In a recent study (9) , the chromatographic lipophilicity of these compounds was determined by the RP-HPLC method applying C18 stationary phase and the mobile phase composed of 90% of methanol and 10% of water. The obtained lipophilicity parameter was defined as logk 0.90 .
The main aim of the present study was to find possible correlations between the experimentally obtained chromatographic lipophilicity (logk 0.90 ) of the analyzed androstane derivatives and their antiproliferative activity toward AR-neg. PC-3 cells defined by IC 50 values. This is so-called quantitative retention-activity relationship (QRAR) approach. This approach emphasizes the significance of the chromatographic lipophilicity parameter in the prediction of different biological properties (anticancer activity, antifungal activity, antibacterial activity, etc).
In this study, the correlation analysis was carried out using artificial neural networks (ANNs) as a non-linear approach. ANNs were applied in many QSAR and QSRR (quantitative structure-retention relationship) studies with great success (10, 11) . They can find the complex relationships between the variables and enable the prediction of certain characteristics (biological behavior, physico-chemical parameters, etc.) on the basis of certain easily available parameters (molecular descriptors).
EXPERIMENTAL
The IUPAC names of the investigated androstane derivatives 1-18 and their antiproliferative activity (IC50) toward AR-neg. PC-3 cell line are given in Table 1 . The basic structures of the analyzed derivatives are given in Figure 1 . The compounds were synthesized and tested according to the previously described procedures (12) (13) (14) . The complete RP-HPLC determination, with diode array detector (DAD) and evaporative light scattering detector (ELSD), of chromatographic lipophilicity of studied derivatives is given in the reference (9) . The molecular descriptors were calculated on the basis of 2D chemical structures by using SimulationPuls ADMET Predictor program. Regression analysis and ANN modeling were carried out by using Statistica 10, NCSS 2007 and Microsoft Excel software. Figure 1 . The basic structures of (1) 17-picolyl and (2) 17-picolinylidene androstane derivatives
The rings A and B of the steroid core in the studied compounds are modified by different substituents, such as acetoxy, epoxy, N-oxide and methoxy functional groups.
Before the ANN modeling, the output data were normalized in the range from 0 to 1, applying the min-max normalization formula:
where y norm , y max and y min are the normalized, maximum and minimum value of the dependent variable y, and ∆U, ∆L are the values of margins which limit extrapolation ability of the network (∆U = ∆L = 0.01) (15).
RESULTS AND DISCUSSION
The ANN models were obtained by self-training (ST) ANN module in Statistica 10 program. Radial basis function (RBF) network was applied as a type of network. It is an ANN that uses radial basis functions as activation functions. The RBF values depend only on the distance from the origin of a Euclidean space, so that:
The RBF artificial neural network can be presented as the sum of N radial basis functions:
The output value of an RBF network is a linear combination of radial basis functions of the input data and neuron parameters. The input data (independent variables) were logk 0.90 and S+SF parameters. The S+SF factor represents the ratio of the equilibrium solubility of an ionizable chemical compound's salt to its intrinsic solubility. It was obtained by in silico calculations by SimulationPlus software. The output data were normalized IC 50 values. During the ST-ANN regression modeling 200 networks have been trained and the number of hidden neurons varied in the range of 2-12. The data used for the ST-ANN modeling are shown in Table 2 . The whole set of data was divided into three subsets: training set (12 compounds), test set (3 compounds) and validation set (3 compounds). The test set must be used to determine generalization error, while validation set is used to find the best ANN configuration and training parameters (by comparing the validation set error and the training set error during training).
The ANN modeling resulted in two acceptable networks with satisfactory characteristics (Table 3 ). The architecture of the obtained networks is the following: 2-10-1, referring to the number of input data -the number of hidden neurons -the number of output data. The correlation coefficients and root mean square errors of the training set (R train , RMSE train ), test set (R test , RMSE test ) and validation set (R valid , RMSE valid ) describe the statistical performance of the networks as very good. The R and RMSE values indicate a good fitting of the data, which is confirmed by the graphical comparison of the experimental and predicted IC 50 data (Figure 1) , as well as the experimental IC 50 and residuals (Figure 2) . Table 3 . The characteristics of the obtained ANN models
As it can be seen from Figure 2 , the determination coefficients are higher than 0.80, the slope of the linear relationship is very close to 1, while the intercept is close to zero for both models. These facts are another confirmation of the assumption of the good quality of the ANN models. The relatively small dissipation of the points around linear relationship can be observed as well.
(A) (B) Figure 2 . Comparison of the experimental and predicted IC 50 data for the network ANN1 (A) and the network ANN2 (B) (• -training set, ♦ -test set, ▲ -validation set)
The graphical comparison of the experimental and predicted data can give an insight into the real prediction ability of the formed regression models and the ideal dependence between these data is linear, with the intercept equal to 0 and slope equal to 1. The comparison of the experimental data and residuals (Figure 3) shows the random distribution of the residuals around the y = 0 axis and their relatively low amplitude, which is another confirmation of the reliability of the established ANN models. Global sensitivity analysis (GSA) was applied to estimate the influence of every input variable on variations in the values of the parameters of the ANN model, which also have an influence on the output values. The GSA coefficients of input variables describe the change in the network's outputs due to the variations in the parameters that affect the network. A large sensitivity index of an input parameter suggests that the network's performance can be significantly changed with small variation in the input parameter (16) . The GSA coefficient equal to 1 or less is a sure sign that the variable should be omitted from the ANN model (16) . The results of GSA for the ANN models are shown in Table 4 . Each variable has a significantly higher GSA coefficient than 1, which indicates the significance of the variables in the models. It must be emphasized that the presented ANN models predict the antiproliferative activity of the analyzed androstane derivatives in normalized form, so it is necessary to transform the predicted value in natural form by using the equation for min-max normalization.
CONCLUSIONS
The presented results indicate the possibility of the application of the experimentally obtained lipophilicity parameter (logk 0.90 ) in the prediction of the antiproliferative activity (IC 50 ) of 17α-picolyl and 17(E)-picolinylidene androstane derivatives toward prostate cancer cells. Also, another important parameter in the prediction of IC 50 values is the in silico S+SF descriptor. The non-linear artificial neural networks were the most suitable regression method in defining these QRAR mathematical models. As a result of the ANN modeling, two ANN models with satisfactory statistical characteristics were obtained. The obtained models indicate that the chromatographic lipophilicity, determined under controlled chromatographic conditions, could be used as a reliable predictor of anticancer activity of structurally similar androstane derivatives.
